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ABSTRACT AND LIST OF KEY WORDS 


This document presents the postflight trajectory for the 
Apollo/Saturn V AS-509 flight. Included is an analysis of 
the orbital and powered flight trajectories of the launch 
vehicle and the free flight trajectories of the expended 
S-IC and S-II stages. Trajectory dependent parameters are 
tion, and geographic polar coordinate systems. The time 
history of the trajectory parameters for the launch vehicle 
1s presented from guidance reference release to Command/ 
Service Module (CSM) separation. 


Tables of significant parameters at engine cutoff, stage 
separation, parking orbit insertion, and translunar injec- 
tion are included in this document. Figures of such 
parameters as altitude, surface and cross ranges, and the 
magnitude of total velocity and acceleration as a function 
of range time for the powered flight trajectories are 
presented. 
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GLOSSARY OF TERMS 


Altitude 


Ascent Phase 


Azimuth Angle 


Cross Range 


Dynamic Pressure 


Elevation Angle 


Flight Path Angle 


Inertial Acceleration 


Latitude 


The distance between the vehicle 
and its subvehicle point on the 
surface of the Fischer Ellipsoid. 


The segment of the vehicle 
flight from launch to parking 
orbit insertion. 


The angle, positive clockwise, 
from true north to the projection 
of the slant range vector on the 
ground station tangent plane 
(PACSS3a) 


The vehicle lateral position 
measured in the earth-fixed launch 
Site centered coordinate system 
(PACSS10) 


The force of the atmosphere on 
the vehicle resulting from its 
motion through the atmosphere. 


The angle between the slant range 
vector and its projection on the 
ground station tangent plane. 
This angle is positive above the 
ground station tangent plane 
(PACSS3a). 


The angle between the vehicle 
space-fixed velocity vector and 
a plane normal to a vector from 
the center of the earth to the 
vehicle. This angle is positive 
above the plane. 


The magnitude of the vehicle 


acceleration in the launch vehicle 
platform-accelerometer coordinate 
system (PACSS12). 


The geodetic latitude which is the 
angle measured positive northward 
between the line normal to the 
ellipsoidal surface at a specified 
point and the projection of the 
line on the equatorial plane. 


XL 


D5-15560-9 


GLOSSARY OF TERMS (Continued) 


Longitude 


Mach Number 


Measured Parameter 


Parking Orbit Phase 


Post TLI Phase 


Second Burn Phase 


Slant Range 


Slant Range Rate 


Space-Fixed Velocity 


Subvehicle Point 


Surface Range 


The angle between the plane of the 
Greenwich Meridian and the plane 

of the meridian containing the 
specified point measured positive 
eastward from the Greenwich Meridian. 


The ratio of the vehicle velocity 
relative to the surrounding atmo- 
sphere to the speed of sound in the 
atmosphere. 


A primary measurement made by any 
ground station, e.g., elevation angle 


The segment of the vehicle flight 
from parking orbit insertion to 
S-IVB reignition. 


The segment of the vehicle flight 
from TLI to CSM separation. 


The segment of the vehicle flight 
from S-IVB reignition to TLI. 


The distance between a ground 
station and the vehicle (PACSS3a, 
PACSS3c, and PACSS3d). 


The velocity of the vehicle along 
a vector from the ground station 
to the vehicle (PACSS3c and 
PACSS3d). 


The magnitude of the vehicle 
velocity in the launch vehicle 
navigation coordinate system 
(PACSS13). 


The point of intersection of the 
ellipsoidal surface and a line 
normal to this surface passing 
through the vehicle center of mass. 


The arc length between the launch 
Site and subvehicle point measured 
along the surface of the Fischer 
Ellipsoid. 


Xil 
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GLOSSARY OF TERMS (Continued) 


X-Angle 30° Antennas - The angle measured 
in the plane of the ground station 
prime vertical from the zenith to 
the projection of the slant range 
vector onto this plane, positive 
eastward. 

85' Antennas - The angle measured 
in the meridian plane of the 
ground station from the zenith to 
the projection of the slant range 
vector onto this plane, positive 
southward (PACSS3c and PACSS3d, 
respectively). 


Y-Angle 30' Antennas - The angle between 
the slant range vector and its 
projection onto the plane of the 
ground station prime vertical, 
positive when the slant range 
85' Antennas - The angle between 
the slant range vector and its 
projection onto the meridian 
when the slant range vector is 
east of the meridian plane | 
(PACSS3c and PACSS3d, respectively). 


Xiii 


ABBREVIATION 


BDA (67.16) 
BDQ (67.18) 
CECO 

CNV (1.16) 

CRO 

CRS 

CSM 

CYN 

EMR 

EPO 

GATE 


GCS1 (lst GCS) 
GCS2 (2nd GCS) 
GDS 
GRR 


GTK (7.18) 
IP Raw MP 


LM 
MLA (19.18) 
MSFN 

OCP 

OECO 

OMPT 

PACSS 


PAT (0.18) 
REV 

rms 

rss 

STDV 

TEX 

TLE 

USB 
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LIST OF ABBREVIATIONS 


DEFINITION/STATION 


Bermuda (FPS-16M) 

Bermuda (FPQ-6) 

Center Engine Cutoff 

Cape Kennedy 

Carnarvon C-Band 

Carnarvon S-Band 

Command Service Module 
Canary Island 

Engine Mixture Ratio 

Earth Parking Orbit 

Guidance and Tracking 
Evaluation Program 

First Guidance Cutoff sienal 
Second Guidance Cutoff Signal 
Goldstone, California 

Range Time of Guidance 
Reference Release 

Grand Turk 

Impact Predictor Raw Measured 
Parameters 

Lunar Module 

Merritt Island 

Manned Space Flight Network 
Orbital Correction Program 
Outboard Engine Cutoff 
Observed Mass Point Trajectory 
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SECTION 1 


SUMMARY AND INTRODUCTION 


The Apollo/Saturn V AS-509 vehicle was launched from Launch 
Complex 39, Pad A at the Kennedy Space Center on January 31, 
1971, at 4:03:02 P.M. Eastern Standard Time (Range Time 
zero) at an azimuth of 90 degrees east of north. Guidance 
reference release (GRR) was established to have occurred at 
-16.960 seconds. First motion occurred at 0.2 second. At 
12.8 seconds, a roll maneuver was initiated orienting the 
vehicle to a flight azimuth of 75.558 degrees east of north. 


The trajectory parameters were close to nominal from liftoff 
to parking orbit insertion. The vehicle was inserted into 

a parking orbit at 710.56 seconds at an altitude of 190.9 km 
(103.1 nmi) and a total space-fixed velocity of 7,792.5 m/s 
(25,565.9 ft/s). The vehicle remained in orbit for approxi- 
mately one and one-half revolutions. The S-IVB stage was 
restarted during the second revolution over Australia at 
8,912.4 seconds. 


At 9,273.24 seconds, the vehicle was injected onto a 
circumlunar trajectory at an altitude of 332.5 km (179.5 
nmi) and a total space-fixed velocity of 10,823.9 m/s 
(35,511.5 ft/s). At 10,949.4 seconds, the CSM separated 
from the launch vehicle at an altitude of 7,943.9 km 
(4,289.4 nmi) and a total space-fixed velocity of 7,346.4 
m/s (24,102.4 ft/s). 


The impact location of the expended S-IC stage was deter- 
mined to be 29.835 degrees north latitude and 74.052 
degrees west longitude at 546.2 seconds. The impact 
location of the expended S-II stage was determined to be 
29.049 degrees north latitude and 33.567 degrees west 
longitude at 1,246.3 seconds. © | 

The postflight mass point trajectory related parameters and 
analytical procedures are presented in Sections 3 through 6. 
The trajectory is divided into five phases: 

a. Ascent Phase 

b. Orbital Phase 

c. Second Burn Phase 

d. Post TLI Phase 


e. Free Flight Phase 
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The coordinate systems and launch parameters used for the 
postflight trajectory analysis are defined in Seceion 2. 
This section also defines the reference ellipsoid, launch 
complex geographic coordinates, and the vehicle launch, 
flight, and platform alignments. 


The ascent phase, covering the portion of flight from 
guidance reference release to orbital insertion (710.56 
seconds), is discussed in Section 3. This trajectory was 
established from tracking data provided by external C-Band 
and S-Band radars and telemetered onboard data obtained 
from the ST-124M inertial platform. 


The second burn phase, also discussed in Section 3, covers 
the portion of flight from 8,810 seconds to translunar 
injection (9,273.24 seconds). This trajectory was estab- 
lished by the integration of the telemetered guidance 
accelerometer data and constrained to the state vectors 
obtained from the orbital and post-TLI trajectory phases. 


The orbital phase, discussed in Section 4, covers the 
portion of flight from orbital insertion to 8,810 seconds. 
The orbital trajectory was established from data provided 
by the radars of the Manned Space Flight Network. 


The post-TLI phase, discussed in Section 4, covers 

the portion of flight from the translunar injection to 
CSM separation (10,949.4 seconds). This trajectory 
was established from data provided by the radars of 
the Manned Space Flight Network. 


The error analysis of the reconstructed trajectory is 
discussed in Section 5. The criteria for error analysis 
are included and trajectory uncertainty limits are assigned 
to the ascent, parking orbit, second burn, and post-TLI 
phases. | 


The free flight phase, discussed in Section 6, covers the 
trajectories of the expended S-IC and S-II stages. These 
trajectories are based on initial conditions obtained from 
the postflight trajectory at separation. The nominal 
separation impulses for both stages were used in the 
simulations. 


Appendix A provides a detailed definition of the symbols, 
nomenclature, and coordinate systems used througout the 
document. 
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Appendix B tabulates the time history of selected trajectory 
parameters in metric units. 


Appendix C tabulates the time history of selected trajectory 
parameters in English units. 
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SECTION 2 


COORDINATE SYSTEMS AND LAUNCH PARAMETERS 


The time history of Observed Mass Point Trajectory para- 
meters in both metric and English units is tabulated in 
Appendices B and C, respectively. These tabulations are 
earth-fixed launch site, launch vehicle navigation, and 
geographic polar coordinate _systems. These coordinate 
systems are defined in Reference l, "Project Apollo 
Coordinate System Standards," (PACSS) and are designated 
PACSS10, PACSS13, and PACSS1, respectively. Range time, 
which is referenced to Range Time Zero, is used throughout 
this document unless otherwise specified. 


The Fischer Ellipsoid of 1960 (Reference 2) is used as the 
representative model for the earth and its gravitational 
field. All latitude and longitude coordinates are defined 
with respect to this ellipsoid. 


The geographic coordinates for Launch Complex 39, Pad A, 
at the Kennedy Space Center are as follows: 


Geodetic Latitude 28.608422 degrees north 
Longitude 80.604133 degrees west 


The height of the Instrument Unit of the launch vehicle 
above the reference ellipsoid is 111.65 m (366.31 ft). 


The azimuth alignments are as follows: 


Launch Azimuth 90.0 degrees east of north 
Flight Azimuth 75.558 degrees east of north 
ST-124M Platform Azimuth 75.557 degrees east of north 


The flight azimuth, dependent on the launch time, launch 
day and month, is calculated using polynomial coefficients 
taken from the guidance presettings in order to achieve the 
desired translunar targeting parameters. The translunar 
targeting parameters are functions of the moon position, 
earth parking orbit inclination, earth-moon distance, and 
moon travel rate. | 
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SECTION 3 


POWERED. FLIGHT TRAJECTORY RECONSTRUCTION 


3.1 POWERED FLIGHT TRAJECTORIES 


The vehicle was launched from Kennedy Space Center at 4:03:02 
Eastern Standard Time. The parameters from launch to parking 
orbit insertion were close to nominal. The space-fixed 
velocity and altitude at S-IC OECO were 5.0 m/sec (16.4 ft/ 
sec) and 0.4 km (0.2 nmi) greater than nominal, respectively. 
At S-II OECO, the space-fixed velocity and altitude were 5.5 
m/sec (18.0 ft/sec) and 0.8 km (0.4 nmi) greater than nominal, 
respectively. The space-fixed velocity was 0.8 m/sec (2.6 
ft/sec) less than nominal and the altitude was nominal at 
S-IVB first guidance cutoff signal. The maximum acceleration 
was 37.46 m/s (3.82 g) during the S-IC phase. 





At 8,912.4 seconds, the S-IVB was reignited during the second 
pass over Australia. The parameters at S-IVB second guidance 
cutoff signal (GCS2) were close to nominal. The space-fixed 

velocity was 5.1 m/sec (16.7 ft/sec) greater than nominal and 
the altitude was 7.4 km (4.0 nmi) less than nominal. 


A comparison of actual and nominal times for significant 
flight events is presented in Table 3-I. The actual times 
for these events are taken from Reference 3. The nominal 
times and data values are taken from Reference 4. 


The tracking stations and the vehicle ground track for the 
ascent phase are shown in Figure 3-l. 


The actual altitude, surface range, and cross range are shown 
in Figures 3-2 through 3-4, respectively, for the entire ascent 
trajectory. The magnitude of the total space-fixed velocity 
vector and the associated flight path angle are shown in 

Figure 3-5. The magnitude of the total inertial acceleration 
vector is shown in Figure 3-6. Mach number and dynamic 
pressure are shown during the S-IC phase of the ascent 
trajectory in Figure 3-7. 


Pertinent trajectory parameters, such as altitude, velocity, 
and acceleration, are given at significant event times in 
Table 3-II. 


Engine cutoff and stage separation conditions are given in 
Tables 3-III and 3-IV, respectively. 


The ascent trajectory, from guidance reference release to 
parking orbit insertion, is tabluated in Tables B-1 through 
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3 <1 (Continued) 


B-III in metric units, and in Tables C-I through C-III in 
English units. These tables present the trajectory in the 
earth-fixed launch site (PACSS10), launch vehicle navigation 
(PACSS13), and geographic polar (PACSS1) coordinate systems. 
The definitions pertaining to the trajectory symbols and 

the coordinate systems are given in Appendix A. 


A comparison of actual and nominal times for significant 
flight events pertaining to the second burn phase is 

included in Table 3-I. The actual altitude is shown in 
Figure 3-8. The magnitude of the total space-fixed velocity 
vector and the associated flight path angle are shown in 
Figure 3-9. The magnitude of the total inertial acceleration 
vector is shown in Figure 3-10. The maximum total inertial 
acceleration and earth-fixed velocity are shown in Table 3-II. 


The second burn trajectory, from the time of S-IVB restart 
preparations to CSM separation, is tabulated in Tables B-V 
through B-VII in metric units, and in Tables C-V through 
C-VII in English units. These tables present the 
trajectory in the earth-fixed launch site (PACSS10), launch 
vehicle navigation (PACSS13), and geographic polar (PACSS1) 
coordinate systems. The definitions pertaining to the 
trajectory symbols and the coordinate systems are given in 
Appendix A. 


The actual and nominal targeting parameters are given in 
Table 3-V. These nominal parameters are taken from 
References 3 and 4 as terminal conditions for the powered 
flight phases. The actual parameters achieved were close 
to nominal. 


3.2 POWERED FLIGHT DATA SOURCES 
3.2.1 Ascent Phase 


Tracking data and telemetered guidance velocity data were 
received during the period from first motion through 
orbital insertion. The time periods for which tracking 
system coverage was available are shown in Figure 3-11 and 
itemized in Table 3-VI. The geographic locations of the 
tracking stations and the ground track for the ascent 
trajectory are shown in Figure 3-l. 


C-Band and S-Band tracking data were available from the 


stations located at Patrick Air Force Base, Cape Kennedy, 
Merritt Island, Grand Turk Island, Bermuda Island, and 


a2 
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3.2.1 (Continued) 


the Vanguard Insertion Ship. The C-Band tracking data were 
provided in azimuth angle, elevation angle, and slant range 
measured parameters. These measurements are defined in 
Reference 1 and designated as PACSS3a. The USB tracking 
data were provided in X-angle, Y-angle, range, and range 
rate measured parameters. These measurements are defined 
in Reference 1 and designated as PACSS3c. 


Comparisons between these data and the ascent trajectory 
were calculated in PACSS3a and PACSS3c. The position 
components of the ascent trajectory in PACSS10 were 
transformed into the measured parameters of PACSS3a and 
PACSS3c. Differences or deviations (tracking data minus 
corresponding parameters derived from the ascent trajectory) 
were calculated, smoothed, and plotted as functions of time, 
and are shown in Figures 3-13 through 3-15 for C-Band, and 
in Figures 3-16 through 3-19 for S-Band data. 


3.2.1.1 C-Band Tracking Data 


Patrick (0.18) radar provided tracking data from 25 to 527 
seconds. The azimuth angle measurements were of good 
quality except in the time interval of 220 to 410 seconds, 
where the measurements were noisy. The Patrick azimuth 
angles deviated considerably from the trajectory up to 200 
seconds. They converged to the trajectory thereafter with 
a maximum deviation of 0.02 degree. The elevation angle 
measurements were noisy during the early portion (25 to 90 
seconds) and the latter portion (440 to 527 seconds) of the 
tracking. These measurements also deviated considerably 
from the trajectory up to about 80 seconds and agreed 
favorably with the trajectory within the time interval from 
80 to 427 seconds with a maximum deviation of 0.02 degree. 
The slant range measurements were of good quality through- 
out the tracking period with a maximum deviation of 110m 
(361 ft) from the trajectory. Since the 0.18 radar was 
reported to have been on skin track for the entire tracking 
period (Reference 3), the discontinuity in the slant range 
at about 175 seconds is attributed to a switch from tracking 
the spent S-IC stage to the S-II stage following S-IC/S-II 
separation. , 


Merritt Island (19.18) radar furnished data from 16 to 528 
seconds. The azimuth angle measurements were noisy from 
80 to 125 seconds and 410 to 528 seconds. The elevation 
angle measurements were noisy from 410 to 528 seconds. 

The azimuth angle reached a maximum deviation of 0.05 
degree at 105 seconds and decreased to a maximum of 

0.015 degree after 230 seconds. The elevation angle 








D5-15560-9 


3.2.1.1 (Continued) 


deviated a maximum of 0.035 degree and decreased to a 
maximum of 0.01 degree from 230 to 410 seconds. The 
slant range measurements were of good quality throughout 
the tracking period with a maximum deviation of 79 m (259 
EE) « 


Cape Kennedy (1.16) radar furnished data from 150 to 388 
seconds. The azimuth and elevation angle measurements were 
noisy for the total tracking period. The azimuth and 
elevation angles were in good agreement with the trajectory 
from 200 seconds to the end of the tracking interval with 
maximum deviations through this period of 0.01 degree and 
0.02 degree, respectively. The slant range measurements _ 
were of good quality throughout the tracking period, however, 
they were not in good agreement with the trajectory. The 
minimum and maximum deviations for the tracking interval 
were 150 m (492 ft) and 300 m (984 ft), respectively. 





Grand Turk (7.18) radar supplied data from 231 to 605 seconds. 
The azimuth angle measurements were noisy between 525 and 

605 seconds. The elevation angle measurements were noisy 

for the total tracking period with a maximum deviation of 

0.08 degree. Outside the time interval of noisy measure- 
ments, the azimuth angle had a maximum deviation of 0.015 
degree. The slant range measurements were of good quality 
throughout the tracking period with a maximum deviation of 

119 m (390 ft). 


Bermuda (67.16) radar provided data from 268 to 706 seconds. 
The elevation angle measurements were noisy from 268 to 390 
seconds. The elevation angle measurements agreed favorably 
with the trajectory with a maximum deviation of 0.021 degree. 
The azimuth angle measurements were in good agreement with 
the trajectory with a maximum deviation of 0.01 degree, 
except in the interval from 500 to 575 seconds where the 
measurements deviated a maximum of 0.019 degree. The 

slant range measurements were of good quality throughout 
the tracking period with a maximum deviation of 71™ 

(233 £€). 


Bermuda (67.18) radar supplied data from 262 to 710 seconds. 
The azimuth angle measurements were in good agreement with 
the trajectory with a maximum deviation of 0.018 degree, 
except in the interval of 500 to 575 seconds where a charac- 
teristic deviation occurred with a maximum deviation of 0.025 
degree. The elevation angle measurements were noisy from 

262 to 410 seconds and agreed favorably with the trajectory 
with a maximum deviation of 0.021 degree. The slant range 
measurements were of good guality throughout the tracking 
period with a maximum deviation of 119 m (390 ft). 
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3.2.1.1 (Continued) 


Vanguard Insertion Ship radar provided data from 574 to 712 
seconds. The azimuth angle measurements were of good 

quality and agreed favorably with the trajectory with a 
maximum deviation of 0.011 degree. The elevation angle 
measurements were biased from the trajectory by approximately 
-0.3 degree which may be attributed to a tracker location 
error. The slant range measurements were of good quality 
throughout the tracking period with a maximum deviation of 
191 m (627 ft). 





Se ee USB Tracking Data 


Merritt Island radar furnished data from 33 to 360 seconds 
with a significant data gap from 166 to 233 seconds. The 

X- and Y-angle measurements were noisy from 33 to 115 seconds. 
The X-angle measurements were not in good agreement with the 
trajectory with a maximum deviation of 0.10 degree. After 
160 seconds, the Y-angle measurements agreed favorably with 
the trajectory with a maximum deviation of 0.015 degree. 

The range rate measurements were noisy from 70 to 80 seconds 
and 125 to 140 seconds. The range rate measurements had a 
maximum deviation of 1.2] m/sec (3.97 sec). The slant range 
measurements were of good quality throughout the tracking 
interval with a maximum deviation of 208 m (682 ft). 


Bermuda Island radar provided data from 278 to 715 seconds. 
The X- and Y-angle measurements were noisy from 278 to 375 
seconds and were of good quality throughout the remainder of 
the tracking interval. The X- and Y-angle measurements agreed 
favorably with the trajectory with a maximum deviation of 
0.025 and 0.020 degree, respectively. The range rate 
measurements did not agree with the trajectory from 278 to 
385 seconds and 630 to 715 seconds. A characteristic closest 
approach phenomenon was exhibited by the range rate from 510 
to 605 seconds with a maximum deviation of 1.35 m/sec (4.43 
ft/sec). Except for the above mentioned intervals, the 

range rate agreed favorably with the trajectory with a maxi- 
mum deviation of 0.4 m/sec (1.3 ft/sec). The slant range 
measurements were of good quality from 278 to 630 seconds 
with a maximum deviation of 175 m (574 ft). 


Si-2ee Second Burn Phase 


Telemetered guidance velocity data during the S-IVB second 
burn period were used as generating parameters in reconstruct~ 
ing the second burn trajectory. Carnarvon USB tracking data 
were available for the early portion of the second burn 

phase (see Figure 3-12). Due to inconsistencies between the 
X-/Y-angles and the range rate/range measurements, the track- 
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3:22 (Continued) 


ing data were not used in the reconstruction. However, 
differences or deviations (tracking data minus corresponding 
parameters derived from the second burn trajectory) were _ 
calculated, smoothed, and plotted as functions of time, and 
are shown in Figures 3-20 through 3-23. 


3.2.2.1 USB Tracking Data 


Carnarvon, Australia, S-Band radar furnished measured 
parameter (PACSS3c) data from 8,761 to 9,091 seconds. The 
data from 8,810 to 9,091 seconds is discussed below. The 
X-angle measurements were noisy throughout the tracking 
interval and had a maximum deviation of 0.081 degree, The 
Y-angle measurements were of good quality and had a 
maximum deviation of 0.022 degree. The range rate 
measurements were of good quality and had a maximum devia- 
tion of 5.75 m/sec (18.9 ft/sec). The X-angle, Y-angle, 
and range rate measurements exhibited the characteristic 
closest approach phenomenon from 8,890 to 8,950 seconds. 
The slant range measurements were of good quality and had 
a maximum deviation of 995 m (3,264 ft). 


3.3 TRAJECTORY RECONSTRUCTION 

S6. Sieck Ascent Phase 

The ascent trajectory from guidance reference release to 
orbital insertion was established by a composite solution 
of available tracking data and telemetered onboard guidance 


velocity data. 


Before the data were used in the trajectory solution, one 
or more of the following processing steps were performed: 


a. Inspecting for format and parity errors 

b. Time editing 

c. Data editing and filtering 

d. Refraction correction 

e. Reformatting 

f. Coordinate transformation 

The position components of the tracking point of the vehicle 


in PACSS10 were established by merging the launch phase and 
ascent phase trajectory segments. 
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3.3.1 (Continued) 


The launch phase (from first motion to 20 seconds) was 
established by integrating the telemetered guidance 
accelerometer data and constraining it to the early portion 
of the ascent phase trajectory. The ascent phase (from 20 
seconds to orbital insertion at 710.56 seconds) was based 

on a composite fit of external tracking data and telemetered 
onboard guidance velocity data and was constrained to the 
insertion vector obtained from the orbital analysis as 
described in Section 4. The reconstructed trajectory is 
referenced to the vehicle Instrument Unit. 


In the above analysis, a computer program (GATE), which uses 
a guidance error model, was utilized. The telemetered 
guidance velocity data were used as the generating parameter, 
and error coefficients were estimated to best fit the 
tracking observations. The Kalman recursive method was used 
for the estimation. Reference 5 gives a theoretical 
discussion of the GATE program. 


The position components, in PACSS10, were filtered and 
differentiated to obtain vehicle velocity and acceleration 
components. Since nvmerical differentiators tend to distort 
the data through the transient areas (engine cutoffs), the 
guidance velocity data were integrated and used to fill in 
these areas. — 


The trajectory data in PACSS10 were then transformed to 
several coordinate systems. Various trajectory parameters 
were also calculated and are presented in Appendices B and C. 


In calculating the Mach number and dynamic pressure, measured 
meteorological data were used, 


3y-3a2 Second Burn Phase 


The second burn trajectory was established by combining an 
orbital trajectory segment and a powered flight trajectory 
segment. 


The orbital trajectory segment covers the portion of flight 
from the beginning of S-IVB restart preparations (8,334.2 
seconds) to 8,810 seconds. This trajectory segment was 
obtained from the orbital solution as described in Section 4. 


The powered flight trajectory segment covers the time span 
from 8,810 seconds to translunar injection (9,273.24 seconds). 
This trajectory segment was established by integrating the 
telemetered guidance velocities, which were used as 
generating parameters, and was constrained to the translunar 


D5-15560-9 


3.3.2 (Continued) 


injection vector (obtained from the post TLI trajectory of 
Section 4). 


Two independent second burn solutions of the restart vector 
at 8,810 seconds were made utilizing the available tracking 
data. One solution used only the X- and Y-angles, and the 
other solution used only the range and range rate measure- 
ments. Each solution produced a different trajectory, 
however, the solution using only the angles agreed best with 
the final trajectory. Because of this incompatibility and 
the lack of redundant data to resolve the difference, no 
tracking data was used in reconstructing this trajectory 
segment. The GATE program was utilized for the solutions. 
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TABLE 3-I. TIMES OF SIGNIFICANT EVENTS 


RANGE TIME, SECONDS 
ACTUAL NOMINAL ACT-NOM 


Guidance Reference Release -~16.960 


First Motion 

Start of Time Base |] 

Mach 1] 

Maximum Dynamic Pressure 
S-IC Center Engine Cutoff 
S-IC Outboard Engine Cutoff 


S-IC/S-II Separation Command 


S-II Center Engine Cutoff 
S-II Outboard Engine Cutoff 
S-II/S-IVB Separation Command 
S-IVB Ist Guidance Cutoff 


Parking Orbit Insertion 


0.2 
050 
68.0 
81.0 
135.14 
164.10 
164.8 
463.09 
959.05 
560.0 
700.56 
710.56 


135.26 
165.04 
165.8 
464.05 
556.90 
07 39 
702.29 
712.29 


Begin S-IVB Restart Prepara- 8,334.2 8,333.9 


tions 


S-IVB Engine Reignition 8,912.4 8,911.9 


(STDV Open) 
S-IVB 2nd Guidance Cutoff 


9,263.24 


9,268.24 


- Translunar Injection 9,273.24 19,278.24 





10,949.4}] 10,768.4 





CSM Separation (Initial) 
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TABLE 3-IT. SIGNIFICANT TRAJECTORY PARAMETERS 


EVENT | PARAMETER VALUE 


First Motion 
ie 


Maximum Dynamic Pressure 











Range Time, sec 





2 


) 
) 





Total Inertial Acceleration, m/s 
vel: 
g 


















Range Time, sec 






Altitude, km 
(n mi) 







81.0 


3.14 
(655.80) 


12.3 
(6.6) 


Range Time, sec 





















Dynamic Pressure, N/cm@ 
(ibf/ft?) 






Altitude, km 
{n mi) 

















Maximum Total Inertial 
Acceleration: S-IC 














164.18 


37.46 
(122.90) 
(3.82) 


Range Time, sec 







2 





Acceleration, m/ 5 
(ft/s) 
(g) 









Range Time, sec 463.17 









Acceleration, m/s 17.71 
(ft/s (58.10 
(g (1.81 








S-IVB Ist Burn Range Time, sec 700.66 










Acceleration, m/ 3° 6.59 
(ft/s (21.62) 
(g 0.67) 


















S-IVB 2nd Burn 





Range Time, sec 9,263.34 
14.19 
(46.56) 
(1.45) 











Acceleration, m/s? 
(ft/s¢) 
(9) 










Maximum Earth-Fixed 
Velocity: $-IC 












164.59 


2,369.8 
(7,774.9) 


Range Time, sec 










Velocity, m/s 
(ft/s) 










560.07 


6,575.9 
(21,574.5) 


Range Time, sec 












Velocity, m/s 
(ft/s) 












S-IVB Ist Burn Range Time, sec 710.56 
7,382.8 


(24,221.8) 







Velocity, m/s 
(ft/s) 















S-1VB 2nd Burn Range Time, sec 9,263.67 
10 ,422.6 


(34,194.9) 












Velocity, m/s 
(ft/s) 
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TABLE 3-IV. STAGE SEPARATION CONDITIONS 


S-IC/S-ITI 
SEPARATION 
COMMAND 


S-ITI/S-IVB 
SEPARATION 
COMMAND 


PARAMETER 


Range Time, sec 


Altitude, km 
(n mi) 


Surface Range, km 
(n mi) 


Space-Fixed Velocity, m/s 
(ft/s) 


Flight Path Angle, deg 
Heading Angle, deg 


Cross Range, km 
(n mi) 


Cross Range Velocity, m/s 
(ft/s) 


Geodetic Latitude, deg N 


Longitude, deg E 


164.8 


67.9 
(36.7) 


96.2 
(51.9) 


2,744.7 
(9,004.9) 


19.489 
78.468 


0.7 
(0.4) 


1336 
(44.6) 


28.815 
-79.648 


960.0 


188.2 
(101.6) 


65.0.0 
(894.2) 


6,959.2 


(22,917.43) 


0.612 
85.818 


28.2 
C5i2 7 


173.2 
(568.2) 


31.030 
-63.681 
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SECTION 4 


4.1 ORBITAL TRAJECTORIES 


The S-IVB/LM/CSM was inserted into a near circular parking 
orbit at 710.56 seconds. While in parking orbit, vehicle 
subsystem checkout was carried out from the Mission Control 
Center at Houston. During the second revolution over 
Australia, the S-IVB stage was restarted and the vehicle 
was placed onto a translunar trajectory. 


The parking orbit insertion conditions were close to nominal 
(Reference 4). The space-fixed velocity at insertion was 
0.6 m/sec (2.0 ft/sec) less than nominal, the flight path 
angle was 0.002 degree less than nominal, and the eccentric- 
ity was 0.0002 greater than nominal. The apogee and perigee 
were 0.1 km (0.1 nmi) greater than and 1.8 km (1.0 nmi) less 
than nominal, respectively. 


The translunar injection parameters were also compatible 
with the nominal values. The eccentricity was 0.0001 less 
than nominal, the inclination 0.022 degree greater than 
nominal and the angle of the descending node 0.006 degree 
less than nominal. The space-fixed velocity was 5.8 m/sec 
(19.0 ft/sec) greater than nominal, the altitude 7.6 km 

(4,1 nmi) less than nominal and C3 was 7,646 m2/sec2 (82,301 
ft?/sec2) less than nominal. 


The parking orbit trajectory analysis spans the interval 
from insertion to 8,904 seconds but was terminated at 8,810 
seconds for the second burn restart point. The post-TLlI 
trajectory covers the period from translunar injection 
(9,273.24 seconds) to CSM separation (10,949.4 seconds). 
These two orbital trajectories were established by integra- 
tion of the orbital model equations using the insertion/ 
injection vector as the initial conditions. 


The insertion/injection conditions, as determined by the 
Orbital Correction Program (OCP), were obtained by a 
differential correction procedure which adjusted the. 
estimated insertion/injection conditions to fit the tracking 
data in accordance with weights assigned to the data. After 
all available tracking data were analyzed, the stations and 
passes providing the better quality data were used in the 
determination of the insertion/injection conditions. 
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4.2 ORBITAL DATA SOURCES 
4.2.1 Orbital Tracking Data 


Orbital tracking was conducted by the NASA Manned Space 
Flight Network (MSFN). A summary of the orbital tracking 
data is given in Table 4-I. Mutually consistent C-Band 
and Unified S-Band tracking data were selected and provide 
the basis of the reconstructed trajectory. 


4.2.2 Orbital Venting Acceleration Data 


During the parking orbit, no major thrusting occurred; 


however, the orbit was continuously perturbed by low-level 
LH» venting. This perturbation is considered in this analysis. 
The venting model was built from telemetered guidance velocity 
data from the ST-124M guidance platform. The guidance 
velocity data were fitted in segments by polynomials in time. 
The polynomials were analytically differentiated to model 

the component accelerations sensed by the guidance platform. 
Table 4-II lists the acceleration polynomials derived by 

this method. Figure 4-1 reflects the best estimate of the 
total parking orbit venting acceleration (rss of components) 
after atmospheric effects and biases have been removed. 


4.3 TRAJECTORY RECONSTRUCTION 
4.3.1 Parking Orbit Insertion Conditions 


The Orbital Correction Program (OCP) was used to solve for 
the parking orbit insertion conditions utilizing the track- 
ing data and the defined vent model. The insertion 
conditions are given in Table 4-III. The parking orbit 
solution is based on a composite fit of the two Bermuda 
C-Band stations at insertion, first and second passes of 
Carnarvon S-Band angle and available range data, S-Band 
angular data from first pass Goldstone and Texas and all 
observations from the C-Band trackers at Merritt Island (MLA) 
and Bermuda FPS-16M (BDA) during second pass. Figure 4-2 
indicates that the parking orbit measured parameter tracking 
deviations are acceptable. The ground track from parking 
orbit insertion to CSM separation is given in Figure 4-3. 
The parking orbit trajectory in PACSS1 is given in Tables 
B-IV and C-IV. 


4.3.2 Translunar Injection and CSM Separation Conditions 


The translunar injection (TLI) conditions were determined 
by the Orbital Correction Program (OCP) and are given in 
Table 4-IV. The associated command service module (CSM) 
separation conditions are given in Table 4-V. The post-TLI 








D5-15560-9 


4.3.2 (Continued) 


trajectory segment was reconstructed by using post-CSM 
separation tracking data with two sets of acceleration 
components modeling orbit perturbations (see Table 4-ITI). 
Merritt Island (MLA) and Bermuda FPQ-6 (BDQ) C-Band radars 
furnished the tracking data used in the reconstruction. 
One set of acceleration components were derived from the 
telemetered guidance velocity data and cover the time 
period from TLI to CSM separation. The other set of 
acceleration components cover the time period from CSM 
separation to 13,788 seconds and were derived separately 
as discussed below. — 


The unavailability of tracking data between TLI and CSM 
separation plus the loss of IU telemetry data after CSM 
separation at 10,955.9 seconds precluded the direct solution 
of the TLI state vector. Initial analysis of the tracking 
data residuals disclosed an apparent acceleration affecting 
the orbit in the post-CSM separation time period. Since no 
telemetered guidance velocity data were available to deter- 
mine these acceleration components, they were modeled and 
solved for aS venting acceleration bias components in con- 
junction with a CSM separation state vector by using the OCP 
program. These apparent accelerations (constant over the 
time interval from CSM separation to 13,788 seconds) were 
then incorporated with the first set of acceleration 
components into a TLI solution as platform sensed acceler- 
ations. The termination of the apparent acceleration at 
13,788 seconds was determined from data analyses where a 
definite break in the residual characteristics was noted. 


The two-step trajectory reconstruction activity gave a 
suitable TLI state vector which closely matched the vector 
obtained by integrating the second burn guidance velocity 
data from the parking orbit solution. Figures 4-4 and 4-5 
indicate that the post-CSM separation measured parameter 
tracking deviations are acceptable. The Goldstone Wing Site 
and Merritt Island S-Band data were used to verify the 
solution produced by the C-Band trackers. 


4.3.3 Docking Maneuvers 


Table 4-VI, obtained from Reference 6, outlines the several 
docking attempts. Some of these post-CSM separation 
docking attempts during the interval from 11,633 to 12,222 
seconds show in the Goldstone Wing Site range rate data 

and are depicted in Figure 4-6. The fourth docking attempt 
at 12,221.7 seconds is particularly evident where CSM 
thrusting was maintained for 6.2 seconds after contact. 

The docking attempts which are not visible in Figure 4-6 
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4.3.3 (Continued) 


are masked by noise in the data or cannot be resolved on 
the time scale used. 


4.4 ORBITAL TRACKING ANALYSIS 


conditions and translunar injection conditions are given 

by Table 4-VI and 4-VII, respectively. These two tables 
also include the number of data points used and the mean 

and root-mean-square errors of the residual for each data 
type. These errors represent the difference between the 
actual observations and the calculated observations based 

on the orbital ephemeris defined by the initial conditions. 
The rms residual errors include high frequency errors | 
(assumed Gaussian), systematic errors due to instrumentation 
biases, mathematical model error, and errors in the 


correction for atmospheric refraction. 
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TABLE 4-I. SUMMARY OF AVAILABLE ORBITAL TRACKING DATA 


REV 1] REV 2 POST TLI 


X 


X 


| 


= 





Corpus Christi USB-30' X 
Goldstone USB-85' X 


* Jet Propulsion Laboratory Wing Site measuring hour angle, 
declination, and range rate (PACSS3b). 


D5~15560-9 


(ZLSSIVd) WILSAS 

4313WONITIIIV - WYOSLV1d JIDIHIA HINNWT 3HL NI G3SS3YdX2 3YY SLN3NOGWOD NOILYY3T900¥ GHL 
*SGNOD3S NI O3SS3YdX3 JY SLNIW99S TWNIWONA0d 3HL 

wOd (7L) 3WIL ONZ ONY (7L) 3WIL NID39 3HL *°d>2>%L 3NRHM TL-2=a ONY (,8/W1) LN3NOdHO9 


NOILVYI13IIV 3HL SI WV 3U3HM g 2294, 3 794099497943 9409 = ¥Y WYO4d 3HL 40 3YY STWNIWONA10d :S3LON 


AWIR5S9S WOLLVH3T3D9V HOS AIAIOS SFILONIO » 
SAN3WI3S T1L-150d S3ILON30 + 


gp +O! X $992¥£69°D 
‘0 
"0 


gg Ol X B9seoKze'O 


zy-0k X LI@LéZS¥"O~ 
0 
"D 


61-2 X S¥6L0EB9"O~ 


=!) 

OL X BOPOSE6DE 'O- 
"0 

g-Ol X EveOzeol "0 
"0 

a) 

5, -OF X sOCELSLE'D 


El- 


0 
SErPS60E'D 
‘0 
EVSiZ#1L'O- 
‘o 
D 
9BLLEGSL‘O- 
BSL9Z2LL¥‘0- 


“0 
OL1BE269°0- 

"0 
OBL6S66%'O 

a) 
BZLLDL61°0 
SS{9L0EL'O~ 
OL60P291L°O 


<< ae we 3K Mr hr OM 


0v6.SEz°0 | 00'9ez‘Eh 
€669S001'0-| ¥°6¥6'OL 


2SOvSO"S'O | O0°EZZ‘OL 
S¥ZZLL12°O-] oz EBs 
EEeBPOSE 0-1 00° #06'B 
EEYSOSEL’O-| 00 CEB*B 
£Sv08l88"O |O0'9ZE*B 


v'6r6'OL 
DO'EZZ2°OL 
v2 EBY'6 
2° EL2°6 
bO°OER'S 
00°9/t"B 
00°608 


Syceerer 0 100'008 9S°OLZ 


00920202'0-|00'9ez‘e1 | ¥'6¥6‘Ot 
LOERPSOL'O | ¥6P6‘OL | OO" POS ‘OL 
ZOL98E1Z'O |00'#OS'OL | On096'6 
LOEB*SDL'O |00'096'6 | 00'9e5'6 
SIB9S256'0 |00'98S°6 | vz "22¥'6 
peseseeo [ez zze'6 | 9z°€12'6 
v20S0¢21'0 |o0'v06's | 00° oER‘e 

"0 wL0S0EZ1'0 Joo OeR’B | DO 9zE's 
pz-Ol X ZHELLEL“O | y7.01 xX SLcoERZ*O- |, on x ze9sscoL-o 90222659°0 04166999°0 {oo'9ze'B | oD’ 008 

‘0 a) "Oo | | 0 ‘0 |00‘°008 95°OLZ 


* 


* 


* 


0 
0 
0 
“0 
0 
0 
0 
0 


a. ae ee ee ee. ee. ae. 9 


OO1Z299L1°O~|00°9Bz2°EL vy’ 696°OL 
SLOSZ98Z°D | v'6RE'OL | 00'96P'OL 
ZESOSSED"O~ /00'°96H'OL | OO DZL*OL 
EPSLEGOE"O [OO'OZL*OL | ¥2°29¥'6 
LZEZ29Se8"O |#2°299'6 | #2°EL2°6 
S£26RZE°0 |00'v06"'S | 00°DER*E 
EOS6ivIP'O |OO'OER"S | 00°92C°R 


"oO "Oo | "0 
"o ‘0 0 
gp-Dl X wL2c6BER'O | 6,01 x OLZe9sBc"O- | LoL x ozoseocz“o £1Z0002¢'0- 0¥680/82'0 
‘o ‘o “0. ‘o "O- 
ppOl X ZLOL9OLZ"O~ | 1,01 x BOORZcZE’O | , OL x pzze0esy'O~ rSoveez'O ¥9"ES599'0- 
"o “D “0 0 "0 
‘o “o "0 z zeeeezr6'0 
gzeOl X 69PLPOOE*O- |g) OL x SLZLERSC°O |.) LoL x p906ESe9"O- DESSSZiz"O | 920SSezz‘0- £¥62658¥'0-|00'94e'S | 00°00E 
"O 0 "O «| g-Ol X GOL¥LS¥L"O | OL X SSB9ZELL“O- | -.O1 X GE9ORESI“O |O0°OOR 95°OLL 


Pf _ a Ea 





ae ae a a ee ee es 





STVNIWONATOd NOILVY31S9I0NV WLIO 


“TI-bv Jd1avl 


4-12 


D5-15560-+9 


TABLE 4-III. PARKING ORBIT INSERTION CONDITIONS 


PARAMETER VALUE 


710.56 
190.9 









Range Time, sec 














Altitude, km 














(n mi) (103.1) 
Space-Fixed Velocity, m/s 7,792.5 
(ft/s) (25,565.9) 









-0.003 
91.656 


Flight Path Angle, deg 






Heading Angle, deg 
31.120 
117.455 





Inclination, deg 












Descending Node, deg 










Eccentricity 0.0002 








185.3 
(100.1) 





Apogee*, km 
(n mi) 











183.2 
(98.9) 





Perigee*, km 
(n mi) 









Period, min 88.18 






31.246 






Geodetic Latitude, deg N 





-52.983 





Longitude, deg E 





* Based on a spherical earth of radius 6,378.165 km 
(3,443.934 n mi). 
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TABLE 4-IV, TRANSLUNAR INJECTION CONDITIONS 


PARAMETER 


Range Time, 


Altitude, 


km 
(n mi) 


Sec 


Space-Fixed Velocity, m/s 


(ft/s) 


Flight Path Angle, deg 


Heading Angle, deg 


Inclination, 


deg 


Descending Node, deg 


Eccentricity 


C 3%° m AS 2 
52 


Geodetic Latitude, 


deg N 


Longitude, deg E 


* Twice the specific energy of orbit 


. 4u 
R 


Inertial Velocity 
Gravitational Constant 
Radius from center of earth 


9,273.24 


cy ee 
Ch7 935) 


10,823.9 
(35.51-1..)5:) 


7.480 
65.583 
30.834 

117.394 
0.9722 


-],681,186 
(18,096,135) 


141.731 
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TABLE 4-V. CSM SEPARATION CONDITIONS 


PARAMETER VALUE 


10,949.4 










Range Time, sec 








1,943.9 
(4,289.4) 


Altitude, km 
(n mi) 









7,346.4 
(24,102.4) 





Space-Fixed Velocity, m/s 
(ft/s) 









Flight Path Angle, deg 46.810 







Heading Angle, deg 65.369 


19.213 





Geodetic Latitude, deg N 





Longitude, deg E -153.446 
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SECTION 5 
TRAJECTORY ERROR ANALYSIS 
5.1 ERROR ANALYSIS 


The confidence level or uncertainty that is assigned to a 
reconstructed trajectory depends on the following factors: 


a. Quantity of Tracking Data 

b. Quality of Tracking Data © 

c. Consistency between Tracking and Guidance Velocity Data 
d. Continuity between Trajectory Segments 


These factors vary from flight to flight. Therefore, a 
rigorous statistical error analysis of the reconstructed 
trajectory is difficult to obtain. The following paragraphs 
summarize the results for this flight, and lead to the 
position and velocity uncertainties for the reconstructed 


trajectory. 
5.1.1 Quantity of Tracking Data 


The available tracking data for the ascent and second burn 
phases are summarized in Figures 3-ll, 3-12, and Table 3-VI. 
The tracking coverages for the parking orbit and post-TLI 
phases are summarized in Tables 4-I, 4-VII and 4-VIII. 


The tracking stations for the ascent phase provided 
redundant coverage. The available tracking data during 
parking orbit provided adequate coverage with the last data 
set continuing into the second burn phase. No tracking 
coverage existed in the post-TLI phase until 2287 seconds 
following TLI, although Hawaii tracking data should have 
been available starting at approximately 450 seconds after 
TLI. 


5.1.2 Quality of Tracking Data 


The C-Band tracking data were of good quality from liftoff 
to CSM separation. Comparisons of the C-Band data in 
measured parameters (PACSS3a) with the ascent trajectory 
are shown in Figures 3-13 through 3-15. Comparisons of 
the C-Band data in measured parameters (PACSS3a) with the 
parking orbit and post-TLI orbit trajectories are shown in 
Figures 4-2 and 4-4. These plots indicate that the 
tracking data from the different stations were mutually 
consistent and the data deviations were of acceptable 
Magnitude. The tracking data were transformed into the 
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5.1.2 (Continued) 


earth-fixed launch site coordinate system (PACSS10) and dif- 
ferenced with the reconstructed trajectory to provide a more 
direct indication of the spread of the tracking data about 
the trajectory. The tracking data spreads for the ascent, 
parking orbit, and post-TLI phases are shown in Figures 5-2 
through 5-5, and 5-7. The position spreads were plotted 

for the entire tracker time spans to give a better indication 
of the quality of the tracking data. It should be noted that 
the plots do not reflect the data spans actually used in the 
analysis. Some data were eliminated due to inconsistencies, 
wild points, and low elevation. Due to the redundant C-Band 
data during the ascent phase and the lack of S-Band range 
data for the orbit phases, the C-Band position spreads were 
considered adequate to define the trajectory accuracy. 
Carnarvon S-Band data were the only data available for the 
second burn phase and the tracking data spreads for this 
tracker are shown in Figure 5-6. 


5.1.3 Consistency Between Tracking and Guidance Velocity 
Data 


The consistency between tracking and guidance velocity data 
can be obtained by examining the guidance velocity error 
plots during powered flight trajectory segments. These 
error plots give the differences between the guidance 
velocities from the ST-124M platform and those derived from 
the reconstructed trajectory which fits the tracking data. 


The guidance velocity error plots for the ascent phase had 
reasonable shapes and magnitudes. The maximum error amounted 
to 1.3 m/s (4.3 ft/s) in the vertical direction, 2.1 m/s 

(6.9 ft/s) in the crossrange direction, and 0.8 m/s (2.6 ft/s) 
in the downrange direction, referenced to the launch 

vehicle platform-accelerometer coordinate system (PACSS12). 


The guidance velocity error plots for the second burn phase 
also had reasonable shapes and magnitudes. The maximum 
error amounted to 4.5 m/s (14.8 ft/s) in the vertical 
direction, 3.8 m/s (12.5 ft/s) in the crossrange direction, 
and 4.3 m/s (14.1 ft/s) in the downrange direction, 
referenced to PACSS12. 


5.1.4 Continuity Between Trajectory Segments 


The continuity between trajectory segments can be obtained 
by examining the insertion and injection parameters 
determined by the orbital and powered flight solutions 
before the trajectory segments were merged together. 


any 


D5-15560-9 


5.1.4 (Continued) 


Comparisons of the state vectors at parking orbit insertion 
obtained independently by the powered flight and orbital 
analyses yielded good agreement. The position and velocity 
components of the solutions had a spread of 22m (72 ft) and 
0.6 m/s (2.0 ft/s) in the vertical direction, 19 m (62 ft) 
and 0.5 m/s (1.6 ft/s) in the crossrange direction, and 5 m 
(16 ft) and 0.1 m/s (0.3 ft/s) in the downrange direction, 
referenced to the earth-fixed launch site coordinate system 
(PACSS10). aoe 


Comparisons of the TLI vectors. determined independently 
from the powered flight and orbital analyses also yielded 
good agreement. The TLI vector from the powered flight 


9,273.24 seconds, using the telemetered guidance velocity 

data as the generating parameter. The TLI vector from the 
orbital analysis was determined separately hy fitting the 
post-TLI tracking data. The position and velocity components 
of the two solutions had respectively a difference of 270 m 
(886 ft) and 1.6 m/s (5.2 ft/s) in the vertical direction, 
511m (1,677 ft) and 3.3 m/s (10.8 ft/s) in the crossrange 
direction, and 1,290 m (4,232 ft) and 2.4 m/s (7.9 ft/s) in the 
downrange direction, referenced to the earth-fixed launch site 
coordinate system (PACSS10). 


Additional comparisons were performed for the TLI trajectory 
by selecting various tracking data combinations with and 
without the apparent post-CSM separation acceleration 
components discussed in Section 4.3.2. The TLI vectors 
resulting from these comparisons had a spread in position 
and velocity components in PACSS10: 


Vertical: 230 m (755 ft) - 0.3 m/s (1.0 ft/s) 
Crossrange: 2,770 m (9,088 ft) - 0.3 m/s (1.0 ft/s) 
Downrange: 1,830 m (6,004 ft) - 1.0 m/s (3.3 ft/s) 


As an additional validity check on the post-TLI trajectory, 
the CSM separation state vector was propagated forward to 
lunar impact with all planned velocity increments accounted 
for. The resultant lunar impact point is in reasonable 
agreement with the actual lunar impact as determined by 

the MSFC Lunar Impact Team from deep space tracking data. 


a ew TRAJECTORY UNCERTAINTIES 
Based on the information of Paragraph 5.1 and a priori 


knowledge, the trajectory uncertainties were conservatively 
estimated. 
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5.2 (Continued) 


The uncertainties for the ascent phase are shown in 
Figure 5-1. At S-IC OECO, the uncertainties in position 
and velocity components in PACSS10 are +70 m (4230 ft) 
and +0.4 m/s (+1.3 ft/s), respectively. At S-II OECO, 
the uncertainties in position and velocity components in 
PACSS10O are +360 m (+1,181 ft) and +0.7 m/s (+2.3 ft/s), 
respectively. At insertion and throughout the parking 
orbit, the uncertainties in position and velocity 
components in PACSS10 are +500 m (+1,640 ft) and +1.0 m/s 
(+3.3 ft/s), respectively. The trajectory uncertainties 
increased to +2,800 m (+9,186 ft) in position components 
and +3.5 m/s (411.5 ft/s) in velocity components at TLI 
and throughout the post-TLI trajectory. The total radius 
and velocity uncertainties at TLI are +800 m (42,625 ft) 
and +1.0 m/s (4+3.3 ft/sec), respectively. 
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SECTION 6 


SPENT STAGE TRAJECTORIES 


6.1 S-IC SPENT STAGE TRAJECTORY 


Postflight predictions of earth surface impact parameters 
for the spent S-IC stage were computed using a mass point 
trajectory simulation computer program. S-IC postflight 
burnout position and velocity data were combined with 
nominal main propulsion system decay performance and 

nominal retrorocket performance to initialize the simulation 
program. . 


Three separate theoretical trajectories were computed for 
the spent S-IC stage. These three trajectories represent 
the following booster atmospheric entry conditions: 


a. Zero-degree angle-of-attack entry 
b. Ninety-degree angle-of-attack entry 
c. Tumbling entry 


The tumbling booster case is considered to define actual 
case impact conditions although no tracking coverage was 
available for confirmation, 


Results of the three computed S-IC spent stage trajectories 
are summarized in Table 6-I, The ground track is shown in 
Figure 6-l. 


6.2 S-II SPENT STAGE TRAJECTORY 


Three separate theoretical trajectories, corresponding to 
the zero-degree, ninety-degree, and tumbling-case 
trajectories computed for the S-IC stage, were computed for 
the spent S-II stage. | | 


The computed results, assuming a tumbling stage, were 
considered to define stage impact conditions since no track- 
ing coverage of the spent S-II stage was available. 


Results of the three computed S-II spent stage trajectories 
are summarized in Table 6-II. The ground track is shown in 
Figure 6-1. 
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TABLE 6-I. S-IC SPENT STAGE TRAJECTORY PARAMETERS 


EVENT PARAMETER VALUE 


Range Time, sec 








Impact: Tumbling Case 









Latitude, deg N 






Longitude, deg E 







Surface Range, km 
(nmi) 


0° Angle-of- 
Attack 





Range Time, sec 


Latitude, deg N 





Longitude, deg E 





Surface Range, km 
| (nmi ) 









90° Angle-of- 
Attack © 


Range Time, sec 


Latitude, deg N 





Longitude, deg E 









Surface Range, km 
(nmi) 





Tumbling Case Range Time, sec 





Altitude, km 
: (nmi) 









>. Surface Range, km 
Sn. (nmi ) 
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TABLE 6-IT. S-II SPENT STAGE TRAJECTORY PARAMETERS 


1324653 
















Range Time, sec 





Tumbling Case 





Impact: 





29.049 





Latitude, deg N 





Longitude, deg E -33.567 






4,559.8 
(2,462.1) 





Surface 7 km 
nmi ) 













Impact: 0° Angle-of- Range Time, sec Ve 2l2e2 


Attack 








Latitude, deg N 28.996 





-33.302 





Longitude, deg E 





4,586.3 


Surface Range, km 
(2,476.4) 


(nmi) 













90° Angle-of 1,285.9 


Attack 


Range Time, sec 















Latitude, deg N 29.103 





-33.840 





Longitude, deg E 





$5092.50 


Surface Range, km 
(2,447.4) 


(nmi) 






Range Time, sec 600.2 












Apex: Tumbling Case 








189.7 
(102.4) 


Pe ee 
i le03222) 





Altitude, km 
(nmi ) 








Surface Range, km 
(nmi) 
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APPENDIX A 


DEFINITIONS OF TRAJECTORY SYMBOLS AND COORDINATE SYSTEMS 


SYMBOL 


XE, YE, ZE 
DXE, DYE, DZE 
DDXE, DDYE, DDZE 


XS, YS, ZS 
DXS, DYS, DZS 
DDXS, DDYS, DDZS 


GC DIST 
GC LAT 
GD LAT 
LONG 


DEFINITION 


Position, velocity, and acceleration 
components of vehicle Instrument Unit 
in Earth-Fixed Launch Site Coordinate 
System, The origin of this system is 
at the intersection of Fischer Ellip- 
soid (1960) and the normal to it which 
passes through the launch site. The 
X-axis coincides with the ellipsoid 
positive upward. The Z-axis is 
parallel to the earth-fixed flight 
azimuth; defined at guidance reference 
release time, and is positive down 
range. The Y-axis completes a right- 
handed system. This coordinate system 
is identical to Standard Coordinate 
System 10 of Project Apollo Coordinate 
system Standards, abbreviated as 
PACSS1LO. 


Position, velocity, and acceleration 
components of vehicle Instrument Unit 

in Launch Vehicle Navigation Coordinate 
System. The origin of this system is at 
the center of the earth. The X-axis is 
parallel to Fischer Fllipsoid normal 
through the launch site, positive 

upward. The Z-axis is parallel to the 
flight azimuth, positive downrange. 

The Y-axis completes a right-handed 
system. The direction of the coordinate 
axes remains fixed in space at guidance 
reference release. This coordinate 
system is identical to Standard Coordinate 
System 13 of Project Apollo Coordinate 
System Standards, abbreviated as PACSS13. 


Position components of vehicle Instrument 
Unit in Geographic Polar Coordinate 
System. Position in this system is 
defined by the geocentric distance 

(GC DIST), geocentric latitude (GC LAT), 
geodetic latitude (GD LAT), and longi- 
tude (LONG). Geocentric distance is the 
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distance from the geocenter to vehicle 
Instrument Unit. Geocentric latitude 

is the angle between the radius vector 
of the subvehicle point and the 
equatorial plane, positive north of 

the equatorial plane. Geodetic latitude 
is the angle between the normal to the 
Fischer Ellipsoid through the subvehicle 
point and the equatorial plane, positive 
north of the equatorial plane. Longi- 
tude is the angle between the projec- 
tion of the radius vector into the 
equatorial plane and the Greenwich 
meridian, positive east of the Greenwich 
meridian. This coordinate system is 
identical to Standard Coordinate System 
1 of Project Apollo Coordinate System 
Standards, abbreviated as PACSS1. 


Earth-fixed velocity of vehicle Instru- 
ment Unit in Geographic Polar Coordinate 
system. Velocity in this system is given 


in terms of azimuth (VEL-AZ), elevation 


(VEL-EL), and magnitude of the velocity 
vector (EF VEL). Azimuth is the angle 
between the projection of the velocity 


vector into the local horizontal plane 


SF VEL 
FLT-PATH 
HEAD 





and the north direction in this plane, 
positive east of north. Elevation is 

the angle between the velocity vector 

and the local horizontal plane, positive 
above the horizontal plane. This coordi- 
nate system is identical to Standard 
Coordinate System 1 of Project Apollo 
Coordinate System Standards, abbreviated 
as PACSSI, 


Space-fixed velocity of vehicle Instru- 
ment Unit in Geographic Polar Coordinate 
System. Velocity in this system is 
given in terms of heading angle (HEAD), 
flight path angle (FLT-PATH), and 
magnitude of velocity vector (SF VEL). 
Heading angle is the angle between the 
projection of the velocity vector into 
the local horizontal plane and the north 
direction in this plane, positive east 
of north. Flight path angle is the 
angle between the velocity vector and 


A-2 
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the local horizontal plane, positive 
above the horizontal plane. This 
coordinate system is identical to 
Standard Coordinate System 1 of Project 
Apollo Coordinate System Standards, 
abbreviated as PACSS1. 


Perpendicular distance from vehicle 
Instrument Unit to Fischer Ellipsoid, 
positive above Fischer Ellipsoid. 


Surface range, measured along Fischer 
Ellipsoid from the launch site to the 
subvehicle point. 


Range time, referenced to nearest 
integer second before IU umbilical 
disconnect. 
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APPENDIX B 


TIME HISTORY OF TRAJECTORY PARAMETERS - METRIC UNITS 


The postflight trajectory, from guidance reference release 
to CSM separation, is tabulated in metric units in Tables 
B-I through B-VII. 


Table B-I gives the earth-fixed launch site position, 
velocity, and acceleration components for the ascent phase 
of flight. a 


Table B-II gives the launch vehicle navigation position, 
velocity, and acceleration components for the ascent phase 
of firght. 


Table B-III gives the geographic polar coordinates for the 
ascent phase of flight. 


Table B-IV gives the geographic polar coordinates for the 
parking orbit phase of flight. 


Table B-V gives the earth-fixed launch site position, 
velocity, and acceleration. components for the second burn 
phase of flight. 


Table B-VI gives the launch vehicle navigation position, 
velocity, and acceleration components for the second burn 
phase of flight. 


Table B-VII gives the geographic polar coordinates for the 
second burn phase of flight. 
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APPENDIX C 


TIME HISTORY OF TRAJECTORY PARAMETERS - ENGLISH UNITS 


The postflight trajectory, from guidance reference release 
to CSM separation, is tabulated in English Units in 
Table C-I through C-VII. 


Table C-I gives the earth-fixed launch site position, 
velocity, and acceleration components for the ascent phase 
of flight. 


Table C-III gives the geographic polar coordinates for the 
ascent phase of flight. 


Table C-IV gives the geographic polar coordinates for the 
parking orbit phase of flight. — 


Table C-V gives the earth-fixed, launch site position, 
velocity, and acceleration components for the second burn 
phase of flight. 


Table C-VI gives the launch vehicle navigation position, 
velocity, and acceleration components for the second burn 
phase of flight. 


Table C-VII gives the geographic polar coordinates for the 
second burn phase of flight. 
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